Resonating quartz crystals can be used for sensing liquid properties by completely immersing one side of the crystal in a bulk liquid. The in-plane shearing motion of the crystal generates shear waves which are damped by a viscous liquid. Thus only a thin layer of fluid characterised by the penetration depth of the acoustic wave is sensed by a thickness shear mode resonator. Previous studies have shown that the finite lateral extent of the crystal results in the generation of compressional waves, which may cause deviations from the theoretical behavior predicted by a one-dimensional model. In this work, we report on a simultaneous optical and acoustic wave investigation of the quartz crystal resonator response to sessile microdroplets of water, which only wet a localized portion of the surface. The relationship between initial change in frequency and distance from the center of the crystal has been measured for the compressional wave generation regions of the 0 crystal using 2μl and 5μl droplets. For these volumes the initial heights do not represent integer multiples of a half of the acoustic wavelength and so are not expected to initially produce compressional wave resonance. A systematic study of the acoustic response to evaporating microdroplets of water has then been recorded for droplets deposited in the compressional wave generation regions of the crystals whilst simultaneously recording the top and side views by videomicroscopy. The data is compared to theoretically expected values of droplet height for constructive acoustic interference. Results are highly reproducible and there is good correlation between theory and experiment.
Introduction
Quartz crystal resonators (QCR) are fabricated by adhering thin electrodes onto the opposing surfaces of AT-cut quartz crystals. Application of an alternating electric field causes the crystal to oscillate in a shearing motion between the electrodes. Changes in the surface mass of the crystal are manifested as a change of the oscillating frequency. Thus the QCR technique lends itself to applications investigating small mass changes at the interface, and the device is termed a quartz crystal microbalance (QCM).
The change of frequency, Δf, of a QCM device varies directly with mass changes, Δm, of a thin solid film covering the surface by the relation ( 1) where f o is the initial resonant frequency of the quartz crystal, A is the active area, defined by the electrode overlap, ρ q is the density of quartz and μ q is the shear modulus for AT-cut quartz.
A rigid mass, such as a glassy polymer, will oscillate as a unit at the same, reduced, frequency as the QCM. A non-rigid mass, such as water, in contact with the device does not oscillate as a whole in sympathy with the crystal 1, 2 . The shear wave disturbance decreases as an exponentially damped cosine function and a boundary layer is conveyed with the surface during the oscillation. The interface between the crystal and adjacent medium is at an antinode. The length where the shear wave amplitude reduces to e -1 of the original maximum oscillation amplitude, is defined as the penetration depth, δ,
where η L and ρ L are the viscosity and density of the fluid, respectively. The penetration depth for water contacting a crystal operating at 5MHz is approximately 0.25μm. The water within the decay length is effectively attached to the crystal and can be viewed as a mass load which decreases the operating frequency of the device. The change in operating frequency of the QCM for operation with a thick layer of a viscous Newtonian fluid fully covering and immersing one of the electrodes is
The frequency response of a real QCM with its finite lateral dimensions to loading is further complicated because the mass sensitivity across the crystal is not linear. As a consequence of the finite size of the electrodes, the translational disturbance amplitude, and hence sensitivity, is greatest at the center and decreases towards the perimeter in an approximately Gaussian fashion 3, 4 .
Solving the Navier-Stokes equation and the equation of continuity with the assumption of a non-uniform shear flow, as required by the finite electrode size, results in flow normal to the surface 3, 5 ; the out of plane displacement is around two orders of magnitude smaller than the in-plane displacement. The longitudinal acoustic pressure wave has a wavelength that is dependent upon the acoustic properties of the medium and device frequency. If the path length through the medium is an integer number of half wavelengths, and dissipation of the wave energy into the medium is not too great, a stationary wave may be formed in the liquid cavity. The longitudinal waves may travel a significant distance through the fluid without experiencing great loss. Subsequent reflection at the free liquid surface can result in constructive interference of acoustic waves, it is often termed compressional wave resonance; previous work 6 has used cavities of 8mm and 16mm in order to obtain a sharp resonance. Compressional waves may recombine with the shear wave component to influence the apparent mass loading on the crystal and induce a significant change in the crystal's oscillating frequency; in addition to the frequency shift there is also a resistance increase 6 . Detection of compressional waves has been reported previously for fluids enclosed between a resonator and a hard, flat reflecting surface [5] [6] [7] ; passing the reflector through the fluid results in successive resonator frequency discontinuities which are associated with acoustic interference within the fluid. The free surface of a liquid is also known to act as a reflector of compressional waves. It is therefore common for experiments using quartz crystal resonators with one face immersed fully in a fluid to incorporate a non-plane reflector in the cell design to avoid the problem of compressional wave resonance.
Quartz crystal resonators have also been used to investigate localised wetting of the electrode surface by small droplets of fluid as well as for investigating solid-liquid interfacial properties using one electrode fully immersed in a bulk liquid. In the application of the quartz crystal technique to droplets the device is essentially used as a sensor of wetted area. The shearing motion of the crystal only senses the droplet to within a penetration depth of the electrode surface and so the droplet can be viewed acoustically as if it was a flat disk on the surface. The change in frequency is then due to the extent to which the droplet wets the crystal electrode. This idea has been used to apply the quartz crystal technique to studies of surfactant superspreading 8, 9 , to the measurement of contact angles 10 and most recently to the study of evaporating droplets of volatile liquids 11 . In this latter study, small discontinuities in the resonant frequency were observed and attributed to compressional wave generation. However, this effect was not investigated in detail and did not include the simultaneous optical observations that are essential if such crystals are to be used for studies of interfacial wetting and contact angle determination.
In this work we report the response of quartz crystal resonators to sessile microdroplets of water using simultaneous frequency measurements and video microscopy. Compressional wave distribution across a quartz crystal resonator for a fully immersed crystal face has previously been determined experimentally using a hydrophone needle 6 . A typical contour that was measured for the immersed crystals is illustrated in Fig.   2 , where the compressional wave formation area is shown as the dark lobes in the xdirection; the center of the electrode is defined as the origin. This was used as a guide for an extensive series of preliminary experiments. Depositing droplets at locations upwards in the y-direction on the center (x=0) axis would not cross the compressional wave generation regions, whereas droplets moving across the x-axis with y=0 would cross these regions.
Following the preliminary investigations, ten series of measurements for droplet volumes of 0.2μl and 0.5μl were performed; the 0.2μl droplets produce a wetted area of approximately 0.6mm 2 and the 0.5μl approximately 1.2mm 2 . Each series consisted of depositing a droplet whilst continually recording the oscillation frequency of the crystal and video recording the side and plan views of the droplet. After complete evaporation, the next droplet was deposited 1mm further along the axis and the measurement repeated.
Measurements were made along both the x and y axes of the crystal, passing through the center in each case.
Results and Discussion
The deposition of a droplet of water on a crystal results in a sudden reduction of the oscillating frequency. Progressively larger droplets deposited at the same location produce progressively greater initial frequency reductions. Changing the position at which the droplet is deposited on the crystal for similarly sized droplets also results in incrementally greater frequency reductions as the position of deposition approaches the center of the electrode. This is shown for a series of 0.5μl and 0.2μl droplets in Fig. 3 , where the fitted curves are Gaussian profiles. The droplet position is moving from the center along the xdirection shown Fig. 2 and hence represents moving across the compressional wave generation lobes. For these droplet volumes, the initial heights did not represent integer multiples of a half of the acoustic wavelength and so would not be expected to produce compressional wave resonance.
When a droplet of water is sufficiently small, the influence of gravity becomes negligible and it forms a spherical cap shape on the crystal surface; its subsequent change of shape as it evaporates has been reported in the literature 13, 14 . If the droplet of water has an initial contact angle of less than 90 degrees, then as the droplet evaporates the angle will initially decrease approximately linearly in time whilst maintaining a constant contact radius. Eventually the radius will begin to shrink rapidly, but the regime of constant contact area holds for the majority of the evaporation time. When deposited on the resonating quartz crystal, provided the droplet height is greater than the penetration depth of the acoustic wave into the fluid, the constant contact area of the droplet as it evaporates will mean that little change in frequency should occur. As the contact radius rapidly contracts a monotonic recovery of the oscillating frequency to the value prior to droplet deposition should be observed. This behavior of the device frequency is clearly demonstrated in the upper line of Fig. 4 . In this case a 0.5 μl water droplet was deposited 1 mm from the crystal center, but outside the compressional lobes. The initial fall in frequency as the droplet was deposited was followed by a relatively constant frequency region for 350 seconds whilst the contact area remained unchanged. The contraction of the radius then began and as the film finally evaporated, the crystal returned to the original frequency. The described behavior of the contact angle, drop height and wetted area were confirmed by the simultaneous side and plan views of the droplet.
The lower curve shown in Fig. 4 is for a 0.5 μl water droplet deposited 1 mm from the crystal center within the periphery of one of the compressional lobes. The initial fall in frequency as the droplet is deposited is similar to the upper curve, but instead of a period of constant frequency while the contact area is constant, discontinuities in the frequency are clearly observable. These discontinuities can result in frequency shifts larger than the initial reduction in frequency due to droplet deposition and cannot therefore be regarded as minor perturbations of the shear wave response; the sample time of 250ms is unlikely to be sufficiently short to accurately record the true maximum in the frequency deviation. The eventual contraction of the contact radius gives rise to an increase in the frequency as the wetted area decreases, but even in this period significant discontinuities continue to be observed. As previously, when the film finally evaporated the crystal returned to the original frequency. The initial operating frequencies for both curves in Fig. 4 are identical, but the upper curve has been displaced by 85 Hz for clarity.
The frequency versus time data of many separate droplet depositions were analyzed in order to locate the frequency discontinuities which, we suggest are due to compressional wave resonance; at these points the optical profiles were investigated in detail. For many of the frequency discontinuities significant droplet distortion was observed in the side view
images. An example is shown in Fig. 5 where the upper image shows the drop 2 seconds before compressional wave resonance (peak in the acoustic discontinuity) and the lower image shows the same drop during the compressional wave resonance; these images show the drop and its reflection in the substrate. The most striking feature is the distortion and reduction in sharpness of the drop image at its apex, causing the gray area as indicated by the arrow in Fig.5 . Most observed optical distortions were coincident with significant (>10Hz) frequency discontinuities. However, some strong frequency response peaks did not coincide with image distortion and were the result of contraction of the edges of the droplets; these could be identified and discounted due to observations from the camera monitoring the top view of the droplet.
For an electrode that is completely immersed by liquid of uniform depth, and where the free liquid surface is parallel to the electrode, we can predict the liquid depth for compressional wave resonance from the wavelength defined by 4 v = fλ where v is the wave velocity, f is the oscillating frequency and λ is the wavelength. The height, h, of the liquid cavity, for constructive interference, is h = nv/2f where n is an integer and the factor of two has introduced to acknowledge the wavelength is the return path between the crystal and the liquid surface. For droplets we suggest that the most likely resonant cavity will be formed at the center of the area wetted by the droplet. This location corresponds to the apex of the droplet, which is parallel to the electrode surface. Fig 6 shows the measured droplet height for the image frames that display significant optical distortions plotted against the theoretical height that would be expected for compressional wave resonance. Fig. 7 shows the droplet heights that exhibited significant frequency discontinuities plotted against the theoretical height that would be expected for compressional wave resonance. The coincidence, and reproducibility, of experimentally determined droplet heights measured from the images compares well with the expected compressional wave heights.
Whilst Fig. 6 and 7 support the idea that even small droplets can act as resonant cavities for compressional wave resonance, it should be noted that in many of the experiments there are theoretically predicted heights that favour compressional wave resonance where no discontinuities in the optical or acoustic data are apparent. In our experiments where, say, we would expect a series of four discontinuities during the evaporation of any single drop we often only observed three. It is not clear why some resonances were missing, but it may be attributable to non-normal reflections of the acoustic wave energy from the water-air interface due to droplet distorting phenomena, such as pinning of the areal circumference to the crystal before relaxation via 'snapping' of the attachment. It has been previously shown 6 that a disalignment of only a couple of degrees from the normal can destroy compressional wave resonance. The compressional wave formations observed in our work occur at multiples of half wavelengths above the crystal surface. The greatest propensity, however, is to exhibit interference behavior at heights of λ/2 and λ above the QCM surface. This is clearly shown in Fig. 8 
